ABSTRACT. The use of composite materials allows to have a great flexibility in terms of mechanical and physical characteristics. One of the most used composite structure in naval field, is the sandwich, which is composed by a stacking sequence of different plies. The designer, in preliminary phase, must handle a great quantity of degree of freedom (types of materials, orientation of the fibres, position along the stack, thickness, etc.) in order to reach the best compromise between mechanical behaviour, environmental impacts and production costs. Finite Element analysis represents a useful tool in order to optimize all these parameters and to estimate the outcome of experimental tests at design stage. The main goal of this work is to develop and to validate a FE model for the simulation of a particular family of composites, widely used in naval field and, in particular, in High Speed Crafts and powerboats. The first part of the paper concerns the experimental tests on two different types of sandwich specimens. Two families of tests were conducted: fourpoint bending tests and impact drop tests. The second part of the paper focuses on the validation of a FE model for both experimental setups.
INTRODUCTION
he great potentiality of the composite materials is now largely documented and exploited in each field of engineering. The importance of the composite material with respect to the other basic materials (metals, ceramics, polymers) has been presented by Ashby [1] . The importance of the no-metals materials is steadily increasing with respect to the metal ones. Usually the composite materials are used because they have a great flexibility in terms of mechanical and physical properties. Gibson [2] explains the main advantages in the use of this materials and also the theory for solving mechanical problems at design stage. The main potentiality of composite materials is the high strength-to-weight ratio and the high T stiffness-to-weight ratio. These parameters are highly influenced by the type of fibres used to produce the composite. A general overview of these parameters in function of the mass density is shown by Kelly [3] . In many fields of engineering there is the need to reduce the weight in order to reduce the energy consumption, which impacts in the air pollution. For this reason, the mechanical properties of composites are of great interest in many engineering fields. Aeronautical engineering proved to be the pioneer in the use of composite materials. In this field the use of composites started many years ago, and the principal applications are shown by Soutis [4] . With the increase of the requirements in terms of weight and pollution performances, also automotive and naval engineers started to use these materials in different ways. An example is in the production of automotive components: Ding et al. [5] showed that with the use of the composite materials in a rear bumper beam it is possible to achieve a reduction of the weight of about 40% keeping the same performance requirements. In the naval field, the use of composite material is isolated to the yacht design. Kimpara showed the developments and the increase of use of these materials in this field in the last years [6] . The reduction of environmental impact in the usage phase of the product represents another important aspect directly linked to the reduction of weight. Timmis et al. [7] proposed an analysis aimed at assessing the reduction of environmental impact thanks to the use of composite materials in the aviation field. The study has been conducted for a Boeing 787 and successively expanded to the global feet. The use of composite materials was proven to reduce the COx and NOX emissions of about 20% [7] . Also, in the automotive field the stringent rules for pollution pushed the engineers to use composite materials to reduce environmental impact. Witik et al. [8] proposed an environmental and costs comparison between carbon fibres, magnesium and steel materials for a representative component of a car, i.e. the bulkhead between the passengers compartment and luggage space. The final results showed that the weight reduction sometimes does not improve the environmental performance because of the disposal process of synthetic fibres. For this reason, many researchers pushed the studies on the use of natural fibres in automotive components. A review of all green useful fibres for automotive applications is reported by Koronis et al. [9] . The use of this type of fibre allows to reduce the environmental impact in production phase and successively in usage phase, as shown by Boland et al. [10] . The environmental benefits produced by the application of composites is taken into account also in mechanical industry. Barone et al. [11] shown the different impacts between utility poles manufactured in steel and composite, highlighting that the weight reduction achieved through glass fibres led to an important reduction of the environmental impact. However, there are also critical aspects in the use of composite materials. The manufacturing process of a product with composite material is complex, requiring highly skilled workers. The mechanical properties of each product are highly influenced by the manufacturing process. Kim et al. [12] shown the difference of the mechanical properties between the same product manufactured with two different process technologies (hand lay-up and vacuum infusion), highlighting that the samples manufactured with vacuum infusion have larger ultimate strength and modulus in both tension and compression tests than the hand lay-up ones. Composite materials have different failure modes and so it is very complex to predict the type of failure and the evolution of damage during operations [13] . In order to give general laws for the prediction of the possible failure modes many researches focused on experimental tests. A characterization of a honeycomb sandwich with aramid fibres and aluminium core is proposed by Belouettar et al. [14] . The study concerned the evaluation of mechanical properties of the sandwich during four-points bending tests in static and dynamic conditions. Other tests has been conducted by Manalo et al. [15] : the composite sandwich beams under study were subject to four-points static bending test to determine their strength and failure mechanisms in the flatwise and edgewise positions. Another crucial aspect is represented by the response of the composite material to dynamic loading. Many researchers developed new indexes in order to quantify the capacity of the sandwich composite to absorb energy during the low velocity impacts [16] . Also the influence of the thickness of the laminates has been evaluated by Belingardi et al. [17] . In the last years, many researchers, in parallel to the experimental tests, proposed also numerical simulations. A validation of this approach is very important for structures in composite materials in order to have a useful tool in preliminary design. Russo et al. [18] proposed a numerical investigation using non-linear simulations and accurate failure criteria with an experimental validation. Also Manalo et al. [15] used the experimental tests for the validation of a numerical approach developed with a commercial software. Hassan et al. [19] investigated the potentiality in the use of numerical simulations for the analysis of impact tests on composite material. In the aforementioned works, the main reason of the discrepancies between experimental and numerical simulations is determined by the insufficient information on actual mechanical properties of the materials. The main goal of this work is to develop a Finite Element (FE) model for the simulation of a particular family of composite materials, widely used in naval field and, in particular, in the High Speed Craft and motorboats field. The model validation was achieved through the comparison with experimental four-points bending tests and impact drop tests at different energy levels. Two different sandwich specimens were considered, having a different lay-up sequence. The first validation concerns the four-points bending test in terms of load-displacement curves. The second validation concerns the impact drop test with three different energy levels (20 J, 40 J, 60 J), comparing again the load-displacement curve. A complete description of the considered materials (along with the mechanical properties of each specimen), a full description of the experimental procedure and a step-by-step description of the numerical set-up are reported.
MATERIALS AND METHODS

Tested samples
wo different types of sandwich were considered, widely used for racing boats manufacturing. The sandwiches under investigation have been produced by two different racing team for the same competition category of the UIM (Unione Internationale Motonautique). Firstly, a four-point bending test was performed on both specimen types. Then, in a second campaign, drop impact tests with increasing energy levels were performed. The results of these experimental tests were finally exploited for FE model validation. The two sandwiches have been both manufactured with the hand layup technique. The general specimen for the bending test was 800 mm x 100 mm with a total thickness depending on the stacking sequence of the laminates, according to the rule 508.03 of the UIM offshore rules 2017. The general specimen for the impact drop test was 100 mm x 100 mm and total thickness depending on the stacking sequence of the laminates; in this case, since there is not a reference rule, the impact parameters have been chosen according to ASTM D-07136 standard, as in Cucinotta et al. [20] . The two principal directions for defining engineering constants (Orientation of the fibres, Young Modulus, Poisson coefficient and Shear Modulus) were depicted with x (direction 1) and y (direction 2) as shown in Fig. 1 . The two types of sandwich have been called, respectively A and B. 13.2 7.7 The mechanical properties of a single cross-ply laminate are function of the orientation and stacking sequence of the plies inside the laminate. It is possible to calculate these mechanical properties and to know the main engineering characteristics along all possible orientation of the laminate by exploiting the lamination theory. In this case, only the cross-ply laminate of Carbon [0/90] (see Fig. 4 -(e)) differs from the previous ones, since the Carbon [-45/45] is equivalent to that of the A sandwich. Tab. 9 shows the mechanical properties of each laminate in the B sandwich. 
Experimental set up
Two different experimental test campaigns have been conducted for each type of sandwich. The four-point bending test has been conducted with an ITALSIGMA machine, having a maximum load capacity of 20 kN. The boundary conditions of this test are shown in Fig. 6 . The diameter of the rollers was 20 mm and the lowering speed was set to 0.4 mm/s. A minimum of three bending tests was conducted for each specimen. The experimental set up for both the specimen types is shown in Fig. 7 . In the second experimental campaign, impact drop tests were conducted. These tests have been carried out by using a CEAST Fractovis Plus Machine (Fig. 8) . The specimen is held between two steel plates, which present a central hole having a diameter of 70 mm, a thickness of 5 mm and connected through M5 bolts with no preload (Fig. 9) . The plates holding the specimen are then placed on the machine basement without any additional constraint. The needed impact energy can be adjusted by choosing the mass of the striker and the impact speed. The measurement system of the machine allows to know the load of the striker during the impact as a function of time F(t). Furthermore, it was possible to know the velocity and the impact energy during the test by performing subsequent integrations [20] . A hemispherical striker having a diameter of 20 mm and a mass of 6.5 kg was used. Three energy levels were considered: 20 J, 40 J and 60 J. The tests were repeated twice for each energy level. 
Numerical models
A finite element model was developed by exploiting ANSYS Workbench 17.1, to simulate the behaviour of the described composite materials under different loading conditions. In particular, quasi-static bending loading and impact loading were considered. The same modelling choices were made for the material representation under both loading conditions, in order to obtain a general model for these materials. The considered specimens are composed of a thick core of homogenous material and thin skins of composite laminates. The physics of the problem requires a high complexity finite element model to reproduce the anisotropic and not homogeneous material properties, the contact regions, the geometrical non-linearities and the complex constraint conditions. In order to reduce the computational effort, only the thick core was modelled with brick elements (Solid186), while the skins were modelled with shell elements (Shell181). The connection between skins and core was ensured exploiting several bonded contact pairs. This strategy allowed to drastically reduce the number of elements in the volume of the skins, characterized by a ratio between the thickness and the other dimensions of about 100. The material properties of the core were easily set as isotropic. On the other hand, each skin was modelled as a single surface, even if composed by layers of different materials. The actual properties were then implemented exploiting the "Layered Section" feature of the software, which allows to set the stacking sequence of layers in terms of layer order and thickness. Thus, only the non-isotropic properties of the single layers were set in the material library, while the resulting laminate properties were computed by the software. The loading during the experimental tests were chosen in order to investigate also the region of the load-displacement curve characterized by increasing damage in the specimen. The numerical simulation of the damaged material behaviour is highly challenging, thus the adopted model was aimed at obtaining a rough estimation of the consequences of both core and skins failure. The maximum stress damage initiation criterion was used, and the ultimate stress values (along with all the other material properties) were obtained by the material specifications provided by the manufacturer. Once the damage was initiated, a proportional stiffness reduction was applied to the damaged elements. This reduction coefficient was tuned basing on the comparison between experimental and numerical results of the bending test, exploring the range 0.7 -0.95. In the following, a fraction equal to 0.9 of the undamaged stiffness was set for all the considered materials, which allowed to obtain the best experimental/numerical matching. For generality purposes, the value obtained for the bending test was also used for the impact test. It is worth noting that less reliable numerical results are expected in the regions of the curves were the damage is extended to a great portion of the specimens' volume. Finally, for both bending and impact test simulation, a convergence analysis for mesh dimension was performed: the damage initiation criterion was deactivated, and the maximum Von Mises stress in the specimens was used as convergence parameter. This composite modelling was kept constant for both bending and impact test simulations, since it provided a reliable description of the material behaviour even in such different loading conditions. The simpler quasi-static bending test was simulated first. A static structural analysis was setup by modelling the entire 800x100 specimen, as schematized in Fig. 6 . In order to enhance model accuracy, the machine punches were represented in the model as rigid surfaces. Thus, the specimen skin surfaces were geometrically divided in different areas, to provide contact regions for mesh refinement. The punches were used to represent test constraint (i.e. zero vertical displacement at the lower skin) and the loading (i.e. gradually increasing displacement at the upper skin). Thus, a fixed support constraint was applied to the lower punches, and an increasing displacement was imposed to the upper punches. Fig. 10 (a) represents this boundary conditions in the FE model: the core elements were hidden in the figure to better show the skin surfaces, which are geometrically overlapped to the core and would not be easily visible in the full model. The contacts between the punches and the skins were set to frictionless. Fig. 10 (b) shows the displacement map corresponding to the maximum displacement as an example. A more complete result presentation and comparison with experimental analysis is provided in the Section Results and discussion. The impact test, which is less trivial and more interesting, was finally simulated. A transient structural analysis was set up by updating the geometry of the specimen to reproduce the dimensions reported in Fig. 9 . A further modelling effort was spent to properly reproduce the boundary conditions. In the actual test, the specimen is held between two bolted plates, which are tightened through four bolted joints with no preload. This assembly is then placed on the top of the testing machine, and no further constraints are applied. Preliminary simulations shown that the direct application of fixed constraints to the specimen surfaces would overestimate the equivalent stiffness, giving great discrepancies with respect to experimental results. To properly reproduce the actual boundary conditions, both upper and lower steel plates were added in the geometrical model, as surface bodies. Standard isotropic homogeneous steel properties were set for both plates. The connection between the plates was modelled through beam elements (Beam188) representing the screws diameter (steel properties). A further surface body was introduced, representing the machine top plane and modelled as an infinitely rigid body. Finally, the striker was modelled as a rigid surface tangent to the specimen skin. A mass element was attached to this surface to represent the actual striker mass. Since the striker in the machine is constrained to move vertically along a single translational degree of freedom, all the other inertia properties were neglected. The interaction between all the different entities was modelled exploiting different contact regions. The contact between the lower steel plate and the machine plane was set to be frictionless, thus allowing all the relative displacements except interpenetration. The contacts between both steel plates and the specimen, and between the striker and the specimen were set to be frictionless. Remote boundary conditions were applied to the striker to constraint any degree of freedom except the vertical displacement. A fixed constraint was applied to the surface representing the machine top. Finally, the actual loading conditions were determined by imposing an initial velocity to the striker corresponding to the simulated impact energy. Fig. 11 (a) shows a section view of the described FE model, reporting the main parts (the surface bodies are repented as thick bodies just for graphical purposes, while they are meshed with shell elements). Fig. 11 (b) shows the vertical displacement map corresponding to the maximum displacement as an example. A more complete results presentation and comparison with experimental analysis is provided in the next section.
RESULTS AND DISCUSSION
he four-point bending tests have been carried out on three specimens for each sandwich typology. The experimental results for each kind of sandwich are reported in Tab. 10 (mean values). The considered quantities, derived from the load-displacement curve, are: the maximum load before the failure (i.e. the peak of the curve), the deflection at the maximum load and the specimen stiffness (i.e. the slope of the curve at the origin). The two specimens have different weight and lay-up sequence but both have to respect the same rules. This discrepancy in design idea leads to a different Table 10 : Mean values for specimens of A sandwich and B sandwich.
The experimental results were then compared with numerical analysis in terms of load-displacement curve, as shown in Fig.  12 . The FE model gave a good representation of the linear behaviour before damage, and also a reliable estimation of damage initiation. When the damage level increased, anyway, convergence problems arose, which limited the simulation range. Concerning the impact tests, the load-displacement curves were used again to derive the considered quantities: absorbed energy, stiffness, peak force and maximum displacement of the striker. The ratio between the Impact Energy and Absorbed Energy (damage degree), as shown by Belingardi [16] The impact tests show that the peak force and the stiffness are nearly independent from the impact energy, as well known from literature [20, 21] . The absorbed energy is very similar between A and B sandwiches, as long as the sandwiches are not yet damaged (damage degree less than 1). To the maximum energy level tested there is a difference between the specimens. The damage degree of the Specimen B is equal to 1 and this states a perforation and complete failure. A good correspondence between the linear regions (before damage initiation) can be depicted in all the performed simulations. Moreover, the simulations of the A sandwich provided reliable results also concerning the damage initiation, the specimen stiffness after damage and, also, the maximum elongation before spring-back. On the other hand, the simulations of the B sandwich shown less reliable estimation of the material behaviour after damage. This is maybe due to the lower strength of the material of the B sandwich, which experience a higher damage level which is hardly reproducible through numerical modelling. In order to compare the two specimens, considering also the respectively weights, the specific quantities have been calculated. This quantities are obtained as the ratio between the generic quantity and the weight of the specimen. A comparison of the behaviour of the two sandwich typologies has been showed in Tab. 13 by means of the ratios of each quantity between the two materials (the impact values refer to the tests at 60 J). It is possible to observe that the maximum load before failure for the A sandwich is almost twice than for the B sandwich. However, the specific maximum load is very similar. Conversely, the peak force derived from impact tests is very similar for both sandwiches and, consequently, the ratio between specific values is lower than one. Moreover, the specific bending stiffness of the two sandwiches is almost the same, while the B sandwich has a higher specific impact stiffness. Finally, the absolute values of the maximum displacement are very similar in bending test, while a ratio of two was found in the impact test. The comparison shows that the bending and impact behaviours of the specimens are not directly connected. This highlights the importance of a reliable FE model: a simple experimental campaign can be conducted to tune and validate the model, while many different testing conditions can be numerically simulated, thus drastically reducing testing time and costs. Finally, it was possible to conclude that the B sandwich (lighter material), has similar specific bending performances but better specific impact behaviour with respect to A sandwich. This result is interesting in order to well balance weight and safety, to obtain the best performances, that is crucial in the world of competition sports.
CONCLUSIONS
n this paper, two different kinds of sandwiches for UIM powerboats application were considered, belonging to the same competition class. These materials are very performing and innovative and they are yet very poorly studied. Firstly, an experimental campaign was conducted to assess both quasi-static and dynamic behaviour of the materials. The I results were finally exploited to validate a FE model purposely developed for such complex and non-isotropic composite materials. The two specimens have been manufactured complying with the same rulebook. However the behaviour during the bending tests is quite different. As shown in Section 2.1, the design idea of the two shipbuilders is different and this discrepancy leads to a different stacking sequence and a final different weight of the two composites (and also to different manufacturing costs). In absolute terms (without considering the respective weights), the A sandwich has a better mechanical behaviour than B sandwich. This difference is annulled or, in some cases, reversed if specific quantities are considered. The same trend is highlighted during the impact tests. These experimental tests suggest that the great flexibility of these materials can lead to different final products designed for the same purpose. In order to find the right compromise (costs, mechanical efficiency, environmental impacts), is fundamental and useful to have a tool, as FE, in preliminary stage, for evaluating different design solutions in different loading conditions and in rapid way. The FE model has been validated through both four-point bending and impact tests. The models provided a reliable representation of the linear behaviour of the material before damage, and an acceptable estimation of the damage growth at higher energy levels. The developed model represents a valuable tool, which can help engineers to make design choices before performing experimental activity, thus allowing to save time and costs and to optimize performances faster. Also, as a future development, the FE model could be exploited in a topological optimization tool to obtain the best layouts for thickness, materials, fibres orientation and core size for specific applications. The experimental and numerical tests showed that there is not a direct correlation between bending and impact properties of the sandwiches. Thus, the importance of a reliable FE model was further highlighted, since the material response under particular conditions cannot be inferred from other testes. It must be underlined that the UIM rules, at the moment, require only four-point quasi static bending tests. Consequently, in order to enhance the safety of drivers by maximizing the impact strength of the cockpit and the ability to absorb energy, the UIM rules could surely be improved, in the future, by providing specific impact characterization compliances. 
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